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DEVELOPMENT OF A DIRECT-INVERSE 3-D METHOD 

FOR APPLIED TRANSONIC AERODYNAMIC DESIGN AND ANALYSIS 

I. Introduction 

This report covers the period from the July 1, 1986 thru December 31, 1986. 

The primary t a s k  during th is  period were the continued development of  inverse 

design procedures for the TAWFIVE code, the development o f  corresponding 

re lo f t ing and t ra i l ing edge closure procedures, and the test ing of the methods for 

a variety o f  cases. 

11. Personnel 

The s t a f f  associated wi th  this project during the present report ing period 

were: 

Leland A. Carlson, Principal Investigator 

July thru August, Approximately 1/4 t o  1/2 time 

September thru December, Approximately I /8 t ime 

Thomas Gally, Graduate Research Assistant 

July thru December 

One-half time, Approximately 20 hourslweek 

The resarch work associated wi th  th is  project w i l l  form the basis for  the 

Masters thessis o f f  Mr. Gally, who will receive his Masters degree in May 1987. 
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The work during the present  reporting period i s  summarized in attached 

Appendix A. Appendix A i s  a copy of an extended abstract for a paper which has 

been submitted for presentation a t  the 5th Applied Aerodynamics Conference, 

August 17-19,1987. 

IV. Future E f f o r t s  

During the next reporting period it is anticipated tha t  the inviscid port ion o f  

the e f f o r t  w i l l  be concluded and that the work associated wi th  including viscous 

corrections w i l l  be continued. Much o f  this work w i l l  involve the use of both f ine 

and medium grids. Consquently, t e s t  cases w i l l  have t o  be selected in conjunction 

and consultation wi th  individuals at NASA Langley. In addition, a proposal t o  

continue the work for another year w i l l  be submitted. 

GRANT MONITOR 

The NASA Technical Monitor for  this project i s  Richard L. Campbell, Applied 

Aerodynamics Group, NTF Aerodynamics Branch, Transonic Aerodynamics 

Division, NASA Langley. 
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INVISCID TRANSONIC WXNG DESIGN USING INVERSE METHODS 

I N  CURVILINEAR COORDINATES 

1 
INTRODUCTION 

Thomas A- GaW* and Leland A. Carlson# 

Aerospace Engineering Department 

Texas ABM University 

College Station, TX 77843 
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In recent years the importance of transonic flight to both mi l i tary and 

commercial a i rcraf t  and the development o f  specialized transonic wings f o r  

several f l i gh t  research experiments ha5 prompted signif icant e f f o r t s  t o  develop 

accurate and rel iable computational methods for the analysis and design of  

transonic wings. To datet most o f  the methods have been:based upon the full 

potent ia l  approximation in either non-conservative or conservative form; and in 

the analysis case Several excellent methodstl-5 which include such effects as 

wing-body interaction, three-dimensional weak viscous interaction, and wake 

displacement thickness and curvature effects, have been developed. In part icular 

the TAWFIVES code ha5 proven to be an excellent and rel iable analysis t001.~ '~  

i t  Graduate Research Assistant 

# Professor of Aerospace Engineering Associate Fellow AIAA 
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In the area O f  design, most of the methods$-15 which have attempted to 

automate the design process have also been based upon the ful l  potent ia l  

approximation; and these have usually ut i l ized either the optimization or 

direct-inverse approach t o  determine a wing design. In the direct-inverse 

approach, the leading edge geometry of the wing i s  specified, which el iminates 

the need t o  specify a special boundary condition in the leading edge stagnation 

region. The wing geometry i s  then computed by specifying a desired pressure 

distr ibut ion over the remaining port ion o f  the wing and then solving the mixed 

Neumann and Dirchlet boundary value problem by appropriate numerical 

techniques. The primary advantage o f  the method is tha t  the input pressure 

distr ibut ion can be tai lored to sat isfy desired f l igh t  conditions such as a 

required pressure gradient t o  maintain a laminar f low or prevent boundary layer 

separation, a specified location and strength for the shock waves, or a certain 

span loading distribution, etc. I n  addition, since the approach i s  direct-inverse, 

such methods can be used ent i re ly i n  the direct  mode f o r  aerodynamic analyses. 

Because of i t s  uscfullness, the direct-inverse approach has been extensively 

investigated; and many codes have been developed and have established the 

val id i ty Of the ~ethod-9-11,15 Unfortunately, these codes do not  include many o f  

the features which are necessary for e f f ic ient  transonic design; and many contain 

signif icant approximations w i th  respect t o  problem formulation and boundary 

conditions. In most cases, these approximations have not been ver i f ied 

suf f ic ient ly so as to  have the confidence o f  the user community. 

A desirable feature in any wing design program i s  the abi l i ty  t o  determine the 

wing geometry subject t o  various spanwise and chordwise physical constraints. 

Figure 1 shows several possible design si tuat ions in which only par t  o f  the wing 

needs t o  be or possibly can be designed or modified. Thus, a design program 

2 



should have both analysis and design capability; and i t should permit extensive 

freedom in selecting which regions are to  be designed and which are t o  be 

analysed. In addition, since it m u s t  handle both analysis and design, i t  should be 

computationally consistent. In other words, i f  the design port ion yields a certain 

shape for a given pressure distribution, the analysis section should reproduce the 

or ig inal  pressure distr ibut ion using the designed shape. Further, a good design 

code should permit the user t o  specify the t ra i l ing edge thickness a t  the design 

span stations. 

Another desirable feature in any transonic wing design method i s  the option 

t o  include weak viscous interaction ef fects resul t ing from the viscous wake and 

the three dimensional boundary layer on the wing. Unfortunately, a t  transonic 

speeds, experimental and f l i g h t  test  evidence4 indicates t h a t  wing and w a ~  

viscous interaction ef fects  can significantly af fect  both the pressure distr ibut ion 

on a wing and the resultant aerodynamic force coefficients. To prevent serious 

discrepancies, the ef fects o f  the three dimensional laminar-turbulent boundary 

layer and the wake, part icularly when only par t  of the wing i s  being designed and 

the r e s t  i s  being analyzed, should be included in any transonic analysis-design 

numerical method. Unfortunately, previous methods, such as those in Ref. ?-I 1 

and 15, of ten only include turbulent viscous interaction and ignore wake effects. 

In addition, the turbulent models are usually o f  the two-dimensional strip type 

modified fo r  quasi-three dimensional effects; and they have no t  been extensively 

verified. 

Another factor which i s  important in transonic wing design i s  the interaction 

between the wing and the body. Unfortunately, most transonic wing design codes 

do not include wing body effects; and those that  do, do so approximately o r  are 

l imi ted in the types of body shapes.i6 In t h i s  respect, analysis codes such as 
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TAWFIVE4-5 are considerably better in t h a t  they have the abi l i ty  t o  accurately 

model arbi t rary non-axisymmetric fuselage cross sections. 

Based upon the i tems discussed above, a research program has been in i t ia ted  

t o  expand and develop the TAWFIVE three dimensional f i n i t e  volume fu l ly  

conservative potent ia l  f low analysis code i n t o  a transonic wing design method 

based upon the direct-inverse approach. Since TAWFIVE already includes the 

ef fects  of laminar-turbulent boundary layer interaction, wake thickness and 

curvature, and arb i t rar i ly  shaped bodies, and since i t has been extensively tested 

and verified4-7, it i s  a logical candidate for this ef for t .  The specific objectives 

o f  the present program are as follows: 

(1) Develop an inverse wing design method and code which i s  suitable for  

applied aerodynamic studies, which i s  applicable t o  wing planforms having a wide 

range of spanwise and chordwise constraints, which contains a method for 

controll ing t ra i l ing edge closure, and which includes wing-body interact ion 

effects. 

(2) Extend the method and code to  include viscous interact ion and wake 

curvature effects. 

Since the viscous interaction studies are currently in the i r  i n i t i a l  stages, the 

proposed paper w i l l  only present the method and ex ample resul ts  associated w i th  

the first objective. 

PROBLEM FORMULATION 

As  indicated above, the primary tasks associated wi th  the present 

investigation have been t o  modify the inviscid port ion o f  the TAWFIVE code to 

handle inverse boundary conditions and to  develop a suitable means o f  computing 
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the wing ordinates from the resultant inverse solution. The inviscid port ion o f  

TAWFIVE solves the full potent ia l  flow equation in conservative f i n i t e  volume 

form in a body f i t t e d  cylindrical wind tunnel coordinate system (sometimes 

referred t o  a5 a body f i t ted,  sheared, parabolic system); and i t  i s  essentially a 

s l ight ly modified verision o f  the original FL030 code. Since the fundamental 

equations, numerical formulation, and treatment of boundary conditions in direct 

(analysis) regions where the surfaces are specified are unchanged in the present 

problem, detai ls concerning these topics w i l l  not be presented here. Complete 

information concerning TAWFIVE and FL030 i s  presented in References 1-5. 

Inverse Pressure B ounda ry  Condition SDecification 

In the inverse design regions, such as those shown on Figure 1, the pressure 

coefficient, Cp, must  be specified on the wing surface as the boundary condition 

for the full potent ia l  equation. By using the full potent ia l  pressure coeff icient 

where 

and ut v, and w are the Cartesian chordwise, vertical, and spanwise velocity 

components respectively,, can be obtained in terms of the pressure coeff icient 

8 &c 9 
- C O J d  

as / - 1'1 3 *) -13 
$4 = 

This approach i s  the formulation previously used in Ref. 11, 15, and i d ,  which 

used the ZEBRA I 1  solut ion algorithm and a sheared Cartesian coordinate system. 
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However, TAWFIVE uses a body f i t ted curvil inear coordinate s y s t e m  which 

requires recasting of the above equation. 

The velocities can be expressed in the physical plane (x,y,z) and in the 

Thus, A s o l v e d  f o r  above from the pressure Coefficient equation i s  equivalent t o  

Several methods have been investigated f o r  evaluating t h i s  expression and, 

hence, for specification o f  the inverse boundary condition. It i s  anticipated that  

several o f  these w i l l  be discussed in the f i n a l  paper and the advantages and 

disadvantages of each indicated. For the resul ts  presented here, the pressure 

coefficient in design regions i s  specified a t  gr id midpoints (I+i/2, J, €3 on the 

current wing surface. The expression f o r  Ifx i s  then 

where the metrics,%x ,/lr ,4and , are considered constants fo r  a given grid. (As 

w i l l  be mentioned later, the grid changes during the solution.) In this approach, 

as the calculations proceed downstream from the analysis regions near the 

leading edge i n t o  tho inverse regions, the upstream point 9 (1) is known. The 

values o f  the metrics and the cr05s flow derivatives are found by averaging the 

values from the points I and Iti. In  this approach, the only unknown is q ( I + l )  

6 



and it can be obtained explicit ly. It i s  believed that  this formulation i s  

preferable t o  other possibil i t ies, such as specifying the pressure coeff icient a t  

gr id points (I,J,K), since it strongly couples the potent ia l  a t  (I+i) t o  the 

immediate upstream point and eliminates any decoupling between alternating 

points. Additional detai ls w i l l  be presented in the f ina l  paper. 

In  the above inverse boundary condition treatment, the velocity ra t ios  v/u and 

w/u  are considered known. Since the value o f  these terms only s l ight ly  af fect  the 

value o f  the inverse boundary condition, the i r  values are lagged in the solut ion 

and only periodically updated. 

Design Surface Calculation 

As the  inverse boundary conditcm drive the f lowf ie ld  t o  a converged solution, 

the new displacement surface corresponding t o  the specified pressure boundary 

conditions needs t o  be calculated periodically in order that  the prescribed 

pressures are imposed a t  the proper location. Each new surface can be found by 

integrat ion of the local wing slopes which are computed from the  f l ow  tangency 

boundary condition, Le. 

The above equation i s  wr i t t en  in the wing body curvil inear coordinate system 

using contravariant velocit ies and i s  a direct analogy t o  the boundary condition 

expressed in physical space. In order t o  solve the above equation for t h e  wing 

slope, &/4 I , it i s  necessary t o  lag the cross-flow slopes, aQ/ J t  using their  

values from the previous surface update. Since the gr id ist a f te r  each update, 

assumed t o  be surface f i t ted,  these values are convienently zero. Thus, the 

equation fo r  the slopes of  the new surface i s  

7 
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Integrat ion of  these slopes yields a k f o r  the new surface relat ive t o  the  old 

location. This change i s  converted t o  a physical displacement approximately 

normal t o  the wing surface using the local transformation metrics o f  the grid. 

The sum o f  the physical displacements a t  each point from each surface update are 

then stored and used in the same manner as the code uses boundary layer 

displacement thicknesses t o  update and create a new grid. 

For simplicity, the contravariant velocities used in the slope equation are 

evaluated only a t  the previous displacement surface where the pressure 

distr ibutions are specified. This approach means that  the slope equations are 

not  exact because the velocities should be evaluated a t  the new surface boundary. 

However, as the solut ion converges the changes in the surface locations f o r  the 

f ina l  few surface updates are small, and the present approach should lead t o  

converged accurate surface ordinates. 

Obviously, the accuracy o f  the surf ace calculation depends upon the accuracy 

of  the contravariant velocity calculations. A f te r  t ry ing several approaches, it 

has been found that  the most accurate and/or consistent approach i s  t o  use the 

residual equation and assume that the residual i s  zero on the current 

displacement surface boundary ( i.e. assume that the solut ion has converged). 

The resultant expression yields V/U and requires knowledge o f  a l l  f low variables 

a t  c e l l  centers  above the surface, which can be calculated, and a l l  values except 

OV a t  the "ghost"cel1 centers inside the wing surface, which are not  known in the 

inverse region. If, however, the values inside the surface are obtained using the 

tangency boundary condition, only a small er ror  i s  introduced; and t h i s  error 
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approaches zero as the updated grid surface converges t o  the design surface. 

Additional detai ls w i l l  be presented in the  f i n a l  paper. 

While the above approach should yield wing ordinates which are consistent 

wi th  the specified pressure boundary conditions, there i s  no guarantee that  the 

t ra i l ing edge o f  the designed wing w i l l  be "closed"; and in fact  it may be 

extremely blunt or, conversely, fish-tailed. Since an extremely blunt o r  open 

t ra i l ing edge i s  undesirable and a fish-tailed surface i s  physically impossiblet 

some mechanism f o r  controll ing trai l ing edge closure must  be included in the 

fOrmUlatim= Fortunately t Weed e t  a l l  1 has shown that  closure can be controlled 

by l inear ly re lo f t ing or rotat ing the direct leading edge region t o  force the 

t ra i l ing edges t o  ei ther specified locations or t o  a f ixed thicluless. 

I n  the present formulation two types o f  re lo f t ing have been implemented. The 

first i s  associatrd w i th  a case in which the user specifies ei ther CloSupe, a 

t ra i l ing edge thickness distr ibutiont or the values o f  the t ra i l ing  edge ordinates. 

Thust it i s  activiated only by user choice; and such re lo f t ing is termed "forced". 

On the other hand, i f  during a surface update the new t ra i l ing edge a t  any span 

s tat ion i s  f ish-tai ledt the grid generation scheme w i l l  f a i l  when i t  t r y s  t o  

compute a new gr id corresponding t o  the fish t a i l  shape. To prevent such 

failures, a second t ype  o f  re lof t ing is  included which is  automatically activated 

whenever f ish-tai l ing or excessive openess occurs. (The f i n a l  paper w i l l  discuss 

the relof t ing procedures in more detail.) It should be noted tha t  any time 

relof t ing i s  activated, the leading edge region of  the design stat ions i s  s l ight ly  

changed from that  which was originally specified. 

These techniques fo r  specifying the inverse pressure boundary condition, 

determining the  design surface shapes, and including re lo f t ing whenever desired 

or required have been incorporated into the TAWFIVE code. For f ine gr id resul tst  
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the resul t ing program can be efficiently run on ei ther large mainframe computers 

or midsize mini-computers. For medium gr id  results, the program can also be run 

on PC/AT class microcomputers. 

TYPICAL RESULTS 

In this section resu l ts  from f i ve  d i f ferent  t e s t  cases for both subcrit ical and 

supercrit ical conditions w i l l  be presented. These cases are n o t  intended t o  be 

def in i t ive or even representative of practical designs but have been selected as 

examples o f  the capability o f  the present inverse design technique. The resu l ts  

shown were obtained on a medium grid having 81 streamwise, 13 vertical, and I? 

spanwise points w i th  I 1  spanwise stat ions and 53 points on the wing a t  each 

station; and in a l l  cases the maximum change in the reduced potent ia l  was reduced 

a t  least  three orders o f  magnitude. Thus, the resu l ts  do no t  represent ul t imate 

convergence but  should be representative of "engineering accuracy". 

The planform selected for the test  cases was the Lockheed Wing A wing-body. 

The wing for this configuration has a quarter chord sweep of 25 dtg., a linear 

t w i s t  d is t r ibut ion ranging from 2.28 deg. a t  the wing body junction t o  -2.04 deg. 

a t  the wing tip, an aspect ra t i o  o f  eight, and a taper r a t i o  o f  0.4. The l a s t  two  

values are based upon the wing without fuselage. However, instead o f  the 

supercrit ical sections normally associated w i th  Wing A, the i n i t i a l  a i r f o i l  

sections a t  each span stat ion were assumed t o  NACA 0012 air fo i ls .  

The target pressure distributions used in the design regions were selected t o  

yield a i r f o i l  shapes thicker in the a f t  port ions o f  each section; and, a t  

supercrit ical conditions, t o  y ie ld on t h e  upper surface weaker and more forward 

shocK waves than those which would normally occur on a NACA 0012 section. On 

10 
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the lower surface, the target pressure distr ibut ions were selected t o  have either 

a iavorabie pressure gradient or fair ly constant pressure plateau over much o f  

the lower surface. 

A l l  subcri t ical cases were for a freestream Mach number of 0.7 and an angle o f  

attack o f  two degrees. In each case, the pressure distr ibut ion was specified in 

the design regions from the 15% local chord location t o  the t ra i l ing  edge and used 

as the boundary condition in these inverse regions s tar t ing w i th  the f i rst 

iteration. Normally, two hundred SLOR i terat ions were executed pr io r  t o  the 

first design surface update calculation; and subsequently, surface updates were 

computed every f i f t y  cycles. Usually, the solut ion was considered converged and 

terminated a f te r  450 t o t a l  iterations. 

Supercritical cases followed a similar procedure except t h a t  the freestream 

Mach number was 0.8. Again the angle of attack was two degrees. However, f o r  

these cases three hundred i terat ions were performed pr io r  t o  the f i rst surface 

update calculation in order to better resolve the leading edge pressure 

d is t r ibut ion in design regions. Because of the upstream dependance of  the 

f lowfield, part icularly for the supercrit ical cases, it was determined t o  be 

essential t o  obtain a good computational solut ion in the leading edge region 

before any surface updates. Otherwise the i n i t i a l  surface changes were so 

drastic that  a large number of additional surface calculations, and accompanying 

iterations, were necessary in order to  achieve convergence. 

Finally, f o r  those cases where t ra i l ing edge closure was specified by the 

input, forced relof t ing was no t  performed until the second surface update. This 

approach was used because the first surface update usually involved large 

changes in the surface shape, and it was believed tha t  attempting t o  force closure 

a t  the same t ime might lead t o  convergence di f f icul t ies.  

11 
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Test Case A 

As she'vrin on Figure 2, t he  objective of  Case A was t o  modify arlly the  upper 

surface between 459: and 85% semi-span. As indicated above, the input pressure 

distr ibut ion for the design region corresponded t o  tha t  o f  a wing composed of  

a i r f o i l  sections which were thicker than a NACA 0012 in the a f t  port ion o f  each 

section; and these pressures were previously obtained wi th  a corresponding 

analysis computation. Thus, since this case also required t ra i l ing edge closure, 

Case A was tes t  o f  the  ab i l i ty  of the method t o  reproduce the a i r f o i l  sections of 

a known wing. Both subcritical, designated Case A i  , and supercritical, designated 

Case AZ, solutions were obtained. 

The resultant designed a i r fo i l  sections f o r  the case having a subcrit ical 

freestream are shown on Figure 3. As  can be seen, the designed sections are 

considerably d i f ferent  than the original NACA 0012 air fo i ls ;  and they are in 

reasonable agreement, even on the expanded scale, w i th  the target  sections. 

However, there are some sl ight  discrepencies a t  the boundary stat ions a t  50 and 

80% semi-span. It is  believed tha t  these are due t o  a combination o f  terminating 

the computations pr ior  t o  ult imate convergence and t o  the signif icant variat ion in 

spanwise slope near the t ra i l ing edge result ing from the change between the 

NACA 0012 sections in the analysis zones t o  the designed a i r fo i l s  in the inverse 

regions. Nevertheless, it i s  believed that  the agreement between the designed 

surfaces and the target surfaces i s  adequate. 

The true test ,  however, o f  an inverse wing design method i s  not  i t s  abi l i ty  t o  

reproduce "known" a i r f o i l  sections but rather a comparison between the target 

pressure distr ibut ions used t o  design the  wing and those computed by an analysis 

of the designed wing. Figure 4 presents such a comparison fo r  subcri t ical Case 

A i ;  and, as can be seen, the analysis resul ts  f o r  the designed wing (labeled 
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"designed surface pressures") are in excellent agreement wi th  the target 

pressures as arc the local l i f t  coefficients. 

Figures 5 and 6 show similar section prof i les  and pressure distr ibut ions for 

Case A a t  supercrit ical conditions. Again the agreement between the designed 

surfaces and the target surfacer and the pressures f r o m  an analysis of the 

designed wing and the target pressures are excellent. I t  is believed t h a t  

Figures 3-6 demonstrate that  the current method can be used t o  modify the 

design of the upper surface of  a wing mounted on a body. 

Test  Case B 

This case, which i s  depicted on Figure 7, was created t o  t e s t  the abi l i ty  o f  the 

method t o  design both upper and lower surfaces. Subcrit ical (Case B i )  and 

supercrit ical (Case B2) resul ts  are shown on Figures 8-1 i. As in the previous 

case, t ra i l ing edge closure was required; and as a resu l t  the designed surface 

shapes have the same character as those f o r  Case A in t h a t  there i s  good 

agreement a t  the inner stat ions but s l ight  discrepencies be tween the designed 

surfaces and the target sections at  the boundary stations. However, as shown on 

Figures 9 and 11, there i s  s t i l l  excellent agreement between the pressures 

computed by an analysis o f  the designed wings and the desired target pressures 

used in the inverse design. Thus, it can be concluded t h a t  the method can be used 

t o  modify the design o f  the upper and lower surfaces of a wing mounted on a body. 

Test Case C 

The inverse design regions for Case Ct which was an attempt t o  design both 

upper and lower surfaces on two noncontiguous regions o f  the wing a t  

supercrit ical conditions, are shown on Figure 12; and a comparison between the 

i n i t i a l  pressure distr ibut ion associated w i th  NACA 00 12 sections and the target 

pressures i s  portrayed on Figure 13. A s  can be seen, the target pressure 
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distr ibut ion essentially eliminates at inboard stat ions the upper surface shock 

wave present on the or ig inal  wing; and a t  outboard stat ions it weakens the shmk 

and moves it forward. In addition, significant changes in the lower surface 

pressure gradients are evident. Also shown on Figure 13 are the pressures 

computed by the program a t  the end of the inverse design procedure (denoted as 

"design pressures"). These pressures are in excellent agreement w i th  the target 

pressures, which indicates that  the method i s  sat isfy ing properly the desired 

inverse boundary conditions. 

The corresponding designed a i r fo i l  sections fo r  this case are shown on Figure 

14. Even on the expanded scale, the agreement between the designed and target 

surfaces i s  excellent a t  a l l  design stations. However, t ra i l ing edge closure was 

not enforced f o r  this case and there is a t  the boundary stat ions some departure 

between the designed surfaces and the target surfaces near the t ra i l ing edge. 

Again it i s  believed tha t  this sl ight  difference i s  a ramif icat ion of the change in 

spanwise slopes near the  t ra i l ing edge between the direct and inverse regions. 

In any event, the pressure distr ibutions result ing from an analysis o f  the 

designed surfaces shown in Figure 14 are in excellent agreement w i th  the target 

pressures, as can be seen on Figure 15. In addition, the section l i f t  coeff icients 

a t  the various design stat ions are in very good agreement wi th  the target 

coefficients. Based upon these results it i s  believed tha t  the present method 

can adequately design/modify nonadjacent regions of  a wing in transonic flow. 

Test Case D 

As shown on Figure 16, Ca5e D involved the  inverse design of the ent i re wing 

on both the upper and lower surfaces. In addition, as depicted on Figure 17, the 

i n i t i a l  t w i s t  d istr ibut ion was constant from the root t o  40Y. semi-span followed 

by a l inear distr ibut ion between 40Ye and the wing t ip; and the inverse pressure 
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dis t r ibut ion was selected t o  correspond t o  an approximately l inear t w i s t  

d is t r ibut ion between the root  and the tip. Thus, this case was a t e s t  o f  Seth the 

abi l i ty  o f  the method t o  design an ent i re wing and t o  modify the t w i s t  

distribution. Obviously, since t h e  tw is t  had t o  be permitted to  vary, t ra i l ing 

edge closure was no t  required. Also, the resul ts  shown are for supercri t ical 

conditions. 

A s  can be seen on Figure 17, the t w i s t  d is t r ibut ion resul t ing from the design 

calculation, while considerably di f ferent than the i n i t i a l  distribution, i s  sl ight ly 

d i f ferent  than the target distribution. This difference occurred fo r  several 

reasons. First, in the current version o f  the program the wing section a t  the 

root-body junction cannot be inversely designed. Thus, when designing the ent i re 

wing, the program automatically maHes the roo t  section nondimensionally 

ident ical  t o  that  a t  the f i rst span station; and the t w i s t  a t  the roo t  and a t  the 

10% semi-span s tat ion are identical. Second, the leading edge shapes in the 

direct  region forward o f  15% chord correspond to the i n i t i a l  shapes and are 

oriented by the i n i t i a l  t w i s t  distribution. Thus, they do no t  correspond t o  those 

associated wi th  the target twist.  Consequently, if the method correctly matches 

the input pressure distr ibut ion in the inverse region from 15% chord aft, i t  should 

yield s l ight ly d i f ferent  pressures near the leading edge and a s l ight ly d i f ferent  

f i n a l  t w i s t  distribution. 

Figures lek -b)  compare the designed a i r fo i l  sections w i th  the or ig inal  

surfaces. Due t o  the manner in which these p lo ts  were constructed, i f  the 

t ra i l ing edge of a designed surface is above tha t  of the corresponding or ig inal  

surface, then tha t  design s tat ion has a lower t w i s t  angle than the i n i t i a l  twist .  

As can be seen f r o m  Figures 17 and 18, the designed wing i s  considerably 

d i f ferent  than the or ig inal  and has an almost l inear t w i s t  distribution. 

15 
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As indicated above, the only way a design can be validated i s  t o  analyse the 

designed wing and compare the resultant pressures in the  inverse regions wi th  

the target values. Figures 19h-b) present such a comparison f o r  Case D, and it 

15 apparent that  the present direct-inverse method did design a wing having the 

appropriate pressures in the inverse regions a f t  o f  15% chord. However' as 

should be expected, since the leading edge regions were d i f ferent  than those 

corresponding t o  a t rue l inear tw is t  caset the pressure distr ibut ions in the 

leading edge regions and t h e  section l i f t  coefficients were s l ight ly d i f ferent  than 

those of the target case. (The target l i f t  coeff icients were obtained by an 

analysis o f  the target section shapes wi th  a l inear t w i s t  distribution.) It i s  

believed tha t  the resul ts  shown on Figure 19 demonstrate t h a t  the present 

method can be used t o  design an entire wing in supercrit ical flow. 

Test Case E 

As a f ina l  t e s t  caset it was decided t o  design t w o  non-adjacent upper surface 

regions simultaneously wi th  a lower surface region which overlapped the upper 

zones. The location o f  these inverse design regions i s  shown on Figure 20. 

Likewise, Figure 21 compares the pressures associated wi th  the i n i t i a l  wing 

section shapes to  the target pressures and t o  the pressures computed a t  the end 

of the design calculation. It should be noted that  this case i s  f o r  supercrit ical 

conditions and t ra i l ing edge closure is not  enforced. As can be seent a t  stat ions 

where only one surface i s  being designed (e.g. 20%~ 40%, 50% 70%) the pressure 

distr ibut ion on the f ixed surface also changes due t o  three dimensional ef fects 

from adjacent stat ions which have been redesigned. However, as depicted on 

Figure 22, only the design surfaces change from the or ig inal  shape; and these 

surfaces are in reasonable agreement w i th  the target prof i les. 
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Finally, Figure 23 compares analysis results obtained f o r  the designed wing 

wi th  the target pressures. Evert for this :omplScated case, the agreement 

between the two distr ibutions and between the actual and target l i f t  coeff icients 

i s  excellent. 

CONCLUSION 

A direct-invese transonic wing design method based upon the TAWFIVE 

computer code has been developed. This method includes the ef fects  o f  wing body 

i n t e r a c t i o n  and a t  subsonic and t ransonic  condi t ions i s  capable of 

designing/modifying wings subject t o  a variety o f  spanwise and chordwise 

constraints. A series of  resul ts  have been presented which demonstrate the 

u t i l i t y  and versat i l i ty  o f  the method. 
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Figure I -- Possible Design Situations 
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Figure 211a) -- Comparison of Initial Pressures with Target Values 
(Case E) 



Figure 21 (b) -- Continued 
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Figure ?3(a) -- Comparison of Pressures f r o m  A n a l y s i s  of Designed Wing 
t o  Target Values  (Case E) 
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Figure 23(b) -- Continued 
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